The 304/316 series of austenite stainless steels are used in light water reactors as structural materials. As a result of the high temperatures and neutron irradiation in reactor, dislocation defects will form in stainless steel, causing an increase in the hardness and a decrease in the ductility of the material. In this work, high purity 316L stainless steel model alloys with three different Si contents were ion irradiated at 290°C or 400°C to investigate the black dot and Frank loop formation mechanism influenced by Si addition. Black dot defect formation mainly occurs at 290°C. It is Frank loop in nature with its formation not affected by Si addition. Frank loop is the main defect at 400°C, and both loop density and the average size are substantially suppressed by Si addition. This may be caused by silicon's role in enhancing effective vacancy diffusivity and thus promoting recombination. The trend of irradiation hardening measured verses temperature matches the microstructure observed.
Introduction
Periodically testing, reviewing, and finally predicting component degradation processes in light water reactors (LWRs) is an important issue for reactor ageing management. Such prediction should base on thorough understanding of material degradation mechanisms. The 304/316 series austenite stainless steels are used in LWR core as structural materials to support core structure and guide coolant flow. Their local temperatures in LWRs can range from 290 to 370°C. 1) During reactor operation, dislocation defects such as black dots and dislocation loops may form in large density in stainless steel, which could act as barriers to moving dislocations, resulting in an increase in the hardness and a decrease in the ductility of the material. 2, 3) Such degradation in mechanical properties may lead to integrity failure of the stainless steel components. Therefore, the formation mechanism of radiation defects needs to be studied to avoid crack or fracture of stainless steel components in LWRs.
Previous studies have shown that besides irradiation temperature and dpa, the alloying element Si in the material also plays an important role on defect formation, because Si is an undersized atom and a fast-diffusing element in the 316 series of stainless steel. Consensus on Si effects during microstructure evolution still has not been reached. F. A. Garner et al. found by modeling that addition of Si could reduce vacancy supersaturation by enhancing effective vacancy diffusivity, and thereby suppress void nucleation. 4) Such phenomenon of void nucleation suppression has been experimentally observed. 5) However, void nucleation has also been observed to be enhanced when very small amount of Si is added. 6) Besides, Si has been reported to promote 7, 8) or suppress 9) Frank loop number density in different experiment conditions.
One difficulty in revealing Si's role in microstructure evolution is that Si influences the formation processes of various types of defects. These defects interact with each other during their nucleation and growing stages, 10) making the scenario complicated for mechanism analysis. Thus, such interactions need to be simplified before Si's role could be revealed. In this work, attempts are made to control the irradiation temperature and dpa, so that only one type of radiation defects will be formed in large density in each selected condition. Black dots and Frank loops are observed to be the major defects in 290°C and 400°C irradiation, respectively. Then by tuning the Si content in the material, its influence on defect formation could be shown under transmission electron microscopy (TEM) observation.
Experimental Procedure
Solution-annealed high purity 316L stainless steel model alloys with three different Si contents are selected in this work. Their compositions are show in Table 1 . Samples are cut into ³10 © 2 © 0.5 mm small pieces. After cutting, they are first polished by emery papers, and are then buff polished 12) The distance between each two indents is kept at 30 µm. The error bar of nano-hardness comes from the standard deviation of the 200 indent points.
Results and Discussions

Black dot formation at 290°C
Black dots are supposed to form in conditions with limited diffusivities of point defects, or in other words, in relatively low temperature irradiation conditions. Here, a typical LWR temperature 290°C is selected. When low Si and high Si sample are irradiated to ³0.8 dpa at 290°C, the desired microstructure with black dots as the major defects is obtained. Figure 2 shows the typical g-3g dark field image of low Si and high Si sample at the damage peak depth under g vector of ©111ª. Tiny and dense black dots are found to be the major type of defects in both two samples, and precipitates or voids are not observed in this condition. A count of black dot density and size is performed under different g vectors, as results shown in Table 2 . As we know, all dislocation defects with Burgers vector in ©111ª direction will be visible under g vector of ©111ª or ©200ª, while only 50% of such defects will be visible under g vector of ©220ª. In Table 2 , the number density of black dots counted under g vector ©220ª is about half of that counted under g vector ©200ª or ©111ª, while their size are similar. This indicates the majority of black dots observed here are Frank loops in nature with Burgers vector of a 0 /3©111ª. C. Poker et al. also came to the similar conclusion that black dots are actually small Frank loops by density and size comparison. 13) When comparing the low Si and high Si sample in Table 2 , it can be drawn that the black dot number density and average size of the two samples are almost the same in value. Thus, the addition of Si does not show much effect on black dot formation. The number density of black dots in high Si sample may seem a little lower, but as the counting uncertainty here might be quite large due to the very tiny size of black dots and the possible overlapping between these defects, it could still be within the counting error range. The nano-hardness of the two samples before and after irradiation also shows a similar trend. As illustrated in Fig. 3 , their irradiation hardening is on the same level. Or to be more precise, the hardening of high Si sample seems a little bit smaller than that of low Si sample. This is exactly in consistency with the microstructure observation results above, as black dots is the main contributor to irradiation hardening in this irradiation condition.
As a conclusion, when samples are irradiated at 290°C to ³0.8 dpa, the addition of Si does not introduce evident changes on both microstructure and irradiation hardening. Generally, in irradiated stainless steel, Si solutes are believed to trap interstitials to form solute-interstitial complexes, or to diffuse through the vacancy mechanism to enhance effective diffusivity of vacancies.
14) However, it seems such possible changes in point defect diffusion behavior do not cause any evident microscopic or macroscopic changes in this experiment. This may be attributed to the very limited point defect diffusivity at this low irradiation temperature and the short irradiation time in heavy ion irradiation.
Frank loop formation at 400°C
Frank loops tend to form at higher irradiation temperature and higher dpa. Therefore, the three samples are irradiated at 400°C to ³3 dpa, and Frank loops are observed to be the major defects in TEM dark field images. Black dots exist in very low density compared to Frank loops, and no visible voids or precipitates are seen.
To get better resolution of the dense Frank loops, the reciprocal lattice rod (relrod) technique proposed by D. J. Edwards et al. is applied here. 15) Relrods are introduced by the {111} stacking faults of Frank loops, and are intensified by tilting the TEM sample ³7°away from ©110ª zone axis while maintaining the two beam condition of g = ©311ª in this study. Figure 4 shows the relrod images of the three irradiated samples at the damage peak depth (840 nm). The depth direction is marked by white arrow in the figures. The thickness is estimated to be ³150 nm for low Si sample, ³110 nm for base Si sample and ³130 nm for high Si sample at this position by thickness fringes under g = ©200ª and g = ©111ª. Each short bright line in Fig. 4 represents a stacking fault, and thus corresponds to a Frank loop. Since there are four variants of {111} stacking faults, each relrod image shows only 1/4 of the total Frank loops existed. It can be easily seen from Fig. 4 that the low Si sample after irradiation has the largest and highest density of Frank loops.
A careful count of Frank loops in relrod images is also performed. The counting results are shown in Fig. 5 , which reveals the same trend. As the Si content increases, both number density and the average size monotonically decreases. Due to the higher point defect diffusivities at this higher irradiation temperature, the changes introduced by Si addition are distinct this time. The decrease in the average size is almost linear as a function of the Si content, while in number density, the amount of change is smaller when Si is further added to 0.95 mass%. Si could bind with interstitials and diffuse in interstitial dragging mechanism, but this is believed to enhance interstitial loop nucleation. 16) A better explanation could be Si's effects in changing effective vacancy diffusivity. The diffusivity of vacancies is orders smaller than that of interstitials, 17) and thus limits the recombination rate of the two point defects. Si can diffuse fast through vacancy mechanism, which will increase the effective diffusivity of vacancies. 18) Hence, the recombination rate of point defects will be promoted, and the Frank loop number density and size will be suppressed. Figure 6 shows the nano-hardness results of the three samples before and after irradiation at 400°C. Addition of Si substantially reduces the amount of irradiation hardening. When Si is added to 0.95 mass%, the amount of change in hardening becomes a little smaller. As Frank loops are the main defects in this irradiation condition, the irradiation hardening measured here should come from the number density and the size of Frank loops. There is a good agreement between the hardening results and the observed Frank loops.
Conclusion
In this work, high purity 316L stainless steel model alloys are irradiated at 290°C or 400°C to investigate the black dot and Frank loop formation influenced by Si addition.
When irradiated at 290°C to 0.8 dpa, black dots are the major radiation defects, and are mainly Frank loops in nature with Burgers vector of a 0 /3©111ª. Addition of Si does not show evident changes on the black dot density or average size, or on the macroscopic hardening.
When irradiated at 400°C to 3 dpa, Frank loops are the main defects. Both Frank loop density and average size are substantially suppressed by Si addition. This may be caused by Si's role in enhancing effective vacancy diffusivity and thus promoting the recombination rate. Irradiation hardening also monotonically decreases as the Si content increases. Fig. 5 Counted Frank loop number density and size of samples irradiated at 400°C to 3 dpa. Fig. 6 Nano-hardness before and after irradiation at 400°C and 3 dpa.
